One sentence summary: Msalais, a traditional wine obtained by spontaneous fermentation of boiled grape juice, affords a direct stamp of technology or origin on genotypic and phenotypic variation of an indigenous Saccharomyces cerevisiae population.
INTRODUCTION
Saccharomyces cerevisiae strains from diverse sources worldwide are most often found in association with human activities, such as baking, brewing, winemaking and fermented beverage production (e.g. sake or palm wine) (Camarasa et al. 2011) . The genotypic diversity of S. cerevisiae strains is continuously probed, with increasing accuracy, by a series of approaches involving multilocus sequence typing, multilocus microsatellite analysis, genome sequencing, whole genome tiling arrays and so on (Sipiczki 2011; Bezerra-Bussoli et al. 2013; Cromie et al. 2013; Zhang et al. 2013; Treu et al. 2014; Strope et al. 2015; Tamang, Watanabe and Holzapfel 2016) . Phylogenetic analysis of strains from a broad range of ecological niches revealed that S. cerevisiae originated in a wild habitat, probably the bark of oak trees (Liti et al. 2009; Wang et al. 2012) . However, along with the increasing phenotypic and genotypic diversity of S. cerevisiae strains from different backgrounds, S. cerevisiae diversity could simply be a result of random sampling, due to finite population sizes and limited dispersal, resulting in the notion that S. cerevisiae is a nomadic species functionally equivalent across a range of habitats and without a specific niche (Goddard and Greig 2015) . Regardless, it has been shown that S. cerevisiae strains specializing in fermentation have emerged as a result of subsequent selection and cultivation and disseminated throughout the world in the course of domestication events. The population substructures of S. cerevisiae strains are greatly impacted by their technological application or geographical origins (Legras et al. 2007; Liti et al. 2009; Camarasa et al. 2011; Bokulich et al. 2014; Mukherjee et al. 2014; Knight and Goddard 2015) and their phenotypic evolution is driven by a requirement for diverse metabolic strategies when facing environmental constraints imposed by the human or nature. The considerable phenotypic variation of fermentative metabolic traits among S. cerevisiae strains from various sources indicated that specific traits might distinguish several groups of strains from an entire population (Camarasa et al. 2011) .
The wine fermentation process is characterized by high sugar and ethanol concentrations, high acidity, low nitrogen availability and aerobiosis. It is an extreme environment expected to highlight the diversity between strains and it constitutes a model system for studying phenotypic diversity of yeasts (Camarasa et al. 2011) . Because of this, phenotypic diversity of S. cerevisiae strains has been explored in the extreme environment of wine fermentation as well as in multiple ecological niches, using high-throughput assays, or focusing on several specific physiological traits, with the aim of elucidating specific phenotypes in the wild or select strains with ideal traits (Torriani, Zapparoli and Suzzi 1999; Camarasa et al. 2011; Jin et al. 2013; Wallace-Salinas and Gorwa-Grauslund 2013; Mukherjee et al. 2014; Martínez-Garay et al. 2016) . Specifically, 'terroir' strains with origin-dependent traits have been used to produce wine with typical and geographical qualities (Tofalo et al. 2013 (Tofalo et al. , 2014 .
Computational approaches, such as principal component analysis (PCA), Naive Bayes Classifier, Mann-Whitney test and so on, are useful in deep mining of strain origin-phenotype relationships and simplify strain selection procedures from large collections of strains of various geographical origins or for technological applications, based on dozens of phenotypic characteristics (Balakrishnan et al. 2012; Mendes et al. 2013; Skelly et al. 2013; Franco-Duarte et al. 2014; . Some instrumentation or approaches of standard assays, e.g. growth under inhibitory conditions, are too time consuming to provide sufficient data to satisfy the requirements of computational biology analysis.
Msalais, a traditional wine produced by a unique technology of spontaneously fermenting local boiled grape juice in Southern Xinjiang, has such a long history, >1000 years, so as to be considered a living 'wine fossil' of western China. In addition to its unique technology, as shown in Fig. 1 , the Msalais-making process has not involved commercial yeast strains, until now. It is also surprising that only indigenous S. cerevisiae strains are able to initiate spontaneous fermentation of Msalais, with <100 cells/mL in the initial boiled juice, and are the only dominant population from the beginning of the process to its end, almost without the participation of non-Saccharomyces yeast or bacteria (Lixia et al. 2012) . During fermentation, indigenous S. cerevisiae population is not only tolerant to high sugar and ethanol concentrations, high acidity, low nitrogen availability and aerobiosis, as expected during wine fermentation, but yeast activity remains relatively stable across a range of temperatures (11
• C −37
• C) in different scale fermenting set-ups, without management. The spontaneous fermentation of Msalais can be regarded as a natural and unique model system for studying the phenotypic and genetic diversity of an S. cerevisiae population evolved in the course of a long period of domestication, on the premise of absence of non-Saccharomyces yeast and bacteria, while preserving the extreme and varying fermentation environment. We here analyzed a collection of 436 indigenous S. cerevisiae strains involved in Msalais production in six traditional crafts workshops (TCWs) and two modern plants (MPs), with five commercial strains as reference. Twenty-four enological traits of indigenous S. cerevisiae strains were analyzed using relevant protocols for wine yeasts, in batch cell growth (density) assays. Possible associations between these stains from different plants were analyzed by computational data mining. The aim of this study was to investigate how adaptation to the ecological niche of Msalais may have selectively shaped the yeast metabolic network to generate specific phenotypes. Our major goal was to identify enological traits without the interference from nonSaccharomyces yeasts and bacteria, and to provide a unique scientific reference for future research on S. cerevisiae genotypes and phenotypes shaped by both nature and human activity.
MATERIALS AND METHODS

Strain preparation
In the study, Saccharomyces cerevisiae isolates (436) were collected from six different TCWs (A and E-I) and two MPs (B and C) in Awati County (Xinjiang Province, P R China) in autumn 2013. These isolates were identified by a series of experiments described in supplemental material. The distribution of these TWCs and MPs is shown in Fig. S1 (Supporting Information). Strain distribution was as follows: 17 from A, 78 from B, 98 from C, 61 from E, 60 from F, 87 from G,15 from H, and 20 from I. In addition, five commercial strains were used as references (EC118, CY3079, RZ, L2323 and R976). All these strains were used to obtain enological trait data, as specified below. The employed phenotypic tests were based on approaches that are generally applied during the selection of S. cerevisiae winemaking strains (Mannazzu, Clementi and Ciani 2002) . Also, 202 out of 436 strains and 4 out of 5 commercial strains were used in genetic diversity studies employing the interdelta PCR method (see below). Based on the degree of modernization of the equipment used in Msalais fermentation, the workshop and plant technology was classified into three groups, namely, modern fermentation (MF; MPs B and C), with fermenting tanks of >20 t capacity; partially modern (TB1; workshops A, E and F), with fermenting jars of >500 kg; and traditional (TB2; workshops G, H and I), with fermenting jars of <500 kg.
DNA extraction and interdelta PCR
Saccharomyces cerevisiae cells were disrupted by a freeze-boiling method. Fresh cells were collected from YPD (1% yeast extract, 2% peptone and 2% glucose) cultures after growth at 28
• C for 1 day, and resuspended in 100 μL of lysis solution (100 mM TrisHCl, 30 mM EDTA and 0.5% SDS), frozen at -85
• C for 5 min, and then boiled for 2 min. This procedure was repeated three times. DNA was extracted according to the method described by Fengyan, Jianhua and Huiyan (2002) . The interdelta analysis method was developed in our lab based on published studies (Legras and Karst, 2003) . The method's reproducibility was verified by randomly comparing 10 strains analyzed in triplicate before testing all the selected strains (in single). PCR amplification was performed in 25-μL volume containing 12 μL of 2×Taq PCR MasterMix (T-Taq DNA polymerase, 0.05 U/μL, 4 mM MgCl 2 , 0.4 mM dNTPs), 1 μL of template DNA, 0.2 mM dNTPs, 10 pmol primer d12 (5 -TCAACAATGGAATCCCAAC-3 ) and d21 (5 -CATCTTAACACCGTATATATGA-3 ) (Tristezza et al. 2009 ; synthesized by Shanghai Sangon Biological Engineering Technology & Services Co. Ltd., China) and 10 μL of double-distilled water. Amplification was performed using MJ Research PJC-100 thermal cycler (Waltham, MA, USA), as follows: an initial denaturation step at 95
• C for 4 min; 35 cycles of denaturation at 95
• C for 30 s, annealing at 46
• C for 30 s and extension at 72
• C for 1.5 min; and final extension at 72
• C for 8 min. PCR products were separated by electrophoresis on 2% (w/v) agarose gels containing 1 mg/mL ethidium bromide, at 100 V for 30 min in 1× TAE buffer (40 mM Tris-acetate and 1 mM EDTA, pH 8). Gel images were acquired using Gel Doc 2000 (Bio-Rad, USA).
Phenotypic characteristics tests
Inhibitor tolerance
To investigate the phenotypic diversity of S. cerevisiae strains, we characterized fermentative performance and enzyme activities of 441 strains. Their ability to tolerate a series of stressors was tested on synthetic medium with high glucose content, limited amount of nitrogen or one supplemented with extreme alcohol concentrations. Basic synthetic must (BSM) components, except for total sugar content and yeast assimilative nitrogen (YAN), were as described by Rossouw and Bauer (2009) . A medium containing 260 g/L sugar (130 g/L glucose, 130 g/L fructose) and 300 mg/L YNA was used to assay the growth at extreme temperatures. Fermentation conditions supporting optimal growth were as follows: 260 g/L sugar, 300 mg/L YNA and 28 • C; these conditions were treated as reference. The composition of the designed synthetic must media is summarized in Table 1 . Cells from an overnight YPD culture (prepared at 28
• C) were inoculated into 5-mL tubes containing 2.5 mL of the designed medium, and 300 μL of cell suspension were immediately transferred to 96-well plates. Cell growth was determined by measuring the optical density (OD 590 ) of cultures grown in the designed medium. OD1 was read at that point, at 590 nm, using Microstation Biolog Microplate Reader (BioTek Instruments Inc., USA). After 72 h, OD2 was read in the same manner. The designed medium without the yeast inoculums served as control and its optical density was designated 'ODc'. Yeast tolerance was calculated using the equation:
Fermentation vigor tests
Fermentation vigor tests were performed using an established technique (Lodder 1970) , with minor modifications. Cells from an overnight YPD culture were used to inoculate Durham tubes containing 6 mL of medium (He Tianhong grape juice sterilized at 115
• C for 5 min) and statically cultured at 28
• C. Gas production was visually assessed in all tubes every 4 h. The time required for the tubes to be filled with gas was used to evaluate the fermentation ability of yeast isolates, using a four-level scoring system, from weak to strong: 1, >12 h; 2, 8-12 h; 3, 4-8 h; 4, <4 h.
Flocculation
The ability of yeast strains to flocculate was assayed according to a method described by Kobayashi et al. (1996) , with some modifications. Yeast cells were inoculated into 1.5 mL of YPD liquid medium and incubated at 28
• C for 48 h. Cells were harvested by centrifugation and washed twice: first with deionized water and then with de-flocculating buffer (250 mM EDTA). The cells were resuspended in 1.5 mL of flocculation buffer (50 mM sodium acetate and 20 mM CaCl 2 ), and 300 μL aliquots transferred to 96-well plates; optical density was measured at 590 nm using Biolog reader (A). The resuspended cells were then shaken for 2 h at 120 rpm and 25
• C, and then incubated statically for 30 min at room temperature (∼25 • C). The upper phase was next transferred to a 96-well plate and OD at 590 nm was measured (B). The flocculation ability (F) was determined by the following equation:
Autolysis
Autolysis of yeast strains was assayed according to a method described by Gonzalez, Martinez-Rodriguez and Carrascosa (2003) . Fresh cells were transferred onto YPD agar supplemented with 5-bromo-4-chloro-3-indolyl phosphate (BCIP; 40 mg/L), incubated at 20
• C for 24 h and transferred to 37
• C. After 18-24 h at 37
• C, autocytolytic colonies were classed into three categories, from strong lysis to weak, as follows: blue, light blue and light yellow. White colonies were considered as not lysed.
Enzyme assays
The ability of yeast strains to produce alcohol was assayed by the triphenyl tetrazolium chloride (TTC) test according to a method described by Li et al. (2012) . TTC agar (0.5% glucose, 0.05% TTC and 2% agar) was overlaid on yeast colonies grown on medium containing 0.15% yeast extract, 0.2% peptone, 1% glucose, 0.1% KH 2 PO 4 , 0.04% MgSO 4 ×7H 2 O and 3% agar. After incubation for 3 h at room temperature, colonies were classified according to color: 1, white: low alcohol production; 2, light pink: weak alcohol production; 3, pink: intermediate alcohol production; 4, intense pink: high alcohol production. The capacity to produce H 2 S was evaluated according to a method described by Jiranek, Langridge and Henschke (1995) . Fresh cultures of yeast isolates were picked onto BiGGy agar medium (BD-Difco, USA) and incubated at 30
• C for 4−7 days.
Colony color was evaluated and scored (0 to 5), with score 0 corresponding to white (no H 2 S production) and score 5 to dark brown (pronounced H 2 S production). Plate method was employed to detect biogenic amineproducing yeasts, according to De Benedictis et al. (2011) . Yeast cells were pre-cultured in YPD at 28
• C for 48 h and were then spotted on Petri dishes containing synthetic medium. The medium contained 1% yeast extract, 2% peptone, 2% glucose, 0.006% bromocresol and 1% precursor amino acids (histidine, tyrosine, phenylalanine, serine, lysine and arginine) of different biogenic amines (histamine, tyramine, phenethylamine, tryptamine, cadaverine and guanidine butylamine, respectively), with pH 6.3. After spotting, the plates were incubated at 25
• C for 72 h. Biogenic amine-producing strains were identified by the appearance of a purple halo around the colonies and tyramine-positive strains by a clear halo. Polygalacturonase activity was assayed by a method described by McKay (1988) . Polygalacturonate degradation was assessed by purple halos of different intensity surrounding yeast colonies, contrasted against clear background of the washed plates, as follows: 0, no halo: no polygalacturonate degradation; 1, slight purple halo: weak polygalacturonate degradation; 2, deep purple halo: strong polygalacturonate degradation.
β-Glucosidase activity was assayed according to a method described by Pérez et al. (2011) . Diameters of brown halos around yeast colonies were measured after 8 days of culture at 25
• C on esculin-containing plates. Glucosidase activity was classified in a semiquantitative manner: 0, no halo; 1, halo diameter 14-17 mm; 2, halo diameter 18-22 mm; and 3, halo diameter ≥23 mm.
Statistical analysis
Gel bands of PCR products of interdelta amplification were quantified and used to construct (0,1) matrix. Euclidean distance classification of the isolates was performed by hierarchical clustering and multivariable dimension scale (MDS) methods using Orange Data Mining 2.7. Enological data for 436 strains were analyzed, including means. One-way ANOVA (statistical significance set at P < 0.05) was performed using PC software package IBM SPSS Statistics version 19. The classification of strains was performed by MDS method using software package Orange Data Mining 2.7. Linear projection was used to visualize the results of PCA and typical traits of strains with similar origins.
RESULTS
Genetic diversity of Saccharomyces cerevisiae population based on interdelta PCR analysis
Yeast strains from different workshops and MPs displayed obvious genetic diversity, as shown in Fig. 2A and Fig. S2 (Supporting Information). An obvious separation of six TCWs strains, and B and C plant strains was observed. B and C plant strains grouped closely together. Most strains from TCWs also clustered together. Strains associated with TB2 (workshops G, H and I) were obviously distinct from TB1 (workshops A, E and F) and MF (plants B and C) strains (Fig. 2B) . TB1 strains were loosely distributed between MF and TB2 strains (Fig. 2B) . The diversity was assessed by the scattering of spots (in Fig. 2A and B) of strains of similar origin: the sparser the density, the greater the diversity. These results suggested that homogeneity was promoted in MPs or associated with MF, while diversity was maintained in TCWs or associated with TB.
Stress tolerance and enzymatic activities of strains
Compared with optimal growth under ideal conditions ( OD 590 3.43 ± 1.12), yeast proliferation was inhibited by low nitrogen (56 mg/LYNA; OD 590 0.39 ± 0.23), high alcohol concentration ( OD 590 0.49 ± 0.21 at 8% alcohol; 0.15 ± 0.13 at 10%; 0.12 ± 0.08 at 14%; 0.10 ± 0.12 at 16%), high sugar ( OD 590 1.42 ± 0.50 at 45%; 0.49 ± 0.29 at 50% sugar) and extremely low or high temperatures ( OD 590 0.76 ± 0.42 at 13
• C; 1.57 ± 0.71 at 37 • C; 0.39 ± 0.29 at 45 • C). The negative effect of high temperature (37
or sugar (45%) was less pronounced than of other fermentation conditions, with growth at least twice as good as with other stressors (Fig. 3) . The values for some specific phenotypic traits of commercial wine strains were lower than those of Msalais strains. These included as follows: tolerance to alcohol (8% alcohol: (Fig. 3) . Other values for the five commercial strains were all slightly higher than those of indigenous strains. Growth of the 436 wild strains under optimal conditions significantly differed (P < 0.01) between the nine strain origins (eight indigenous workshops and plants, plus commercial strains). However, the difference in growth was not significant (P > 0.05) under stress conditions (Fig. 3) . Flocculation values determined for 441 strains varied from 0.70 to 0.85, with the mean of 0.7869. The ability of commercial strains to flocculate was slightly higher than that of strains from workshops and plants. Flocculation values of these strains were not significantly different (Fig. 3) .
Differential adaptation of Saccharomyces cerevisiae strains to multiple stressors under Msalais fermentation conditions
Although the growth of 436 strains under different fermenting conditions did not significantly differ, except under ideal conditions, these strains could be clearly differentiated according to workshop type (including MP) through MDS analyses. Strains from the same workshops or plants were roughly clustering together (Fig. 4) . The strains from the similar technologies were clearly grouped by linear projection in 3D space of Comp1, Comp2 and Comp4, with sum of cumulative contribution rate 78.92%, based on PCA of strain growth under different fermenting conditions (Fig. 5) . This meant that the adaptive behavior of strains from similar technologies was similar, and vice versa, different technology could differently impact the growth of wine strains. Extremely inhibitory fermenting conditions, including 50% sugar, 56 mg/L YNA, 16% alcohol and 13
• C, clearly differentiated the 436 wild strains with respect to TB or MF technology (Fig. 6) . Strains from MPs employing advanced equipment for large-scale winemaking displayed good tolerance to high temperature (45 • C), while strains from workshops with TB1 technology displayed good tolerance to 16% alcohol. Strains from workshops with TB2 technology showed good tolerance to low temperature (13 • C), with low tolerance to high alcohol content (Fig. 6) . Almost all 436 wild strains displayed the highest scored fermenting vigor (i.e. Durham tubes were filled with gas within 4 h when the strains fermented 6 mL of He Tianhong grape juice), the lowest scored H 2 S production and did not produce histamine, cadaverine, phenethylamine or tryptamine; only 12.6% of all strains produced tyramine. Furthermore, the strains differed with respect to autolysis, β-glucosidase and polygalacturonase activities and alcohol production. Autolysis of 324 strains was classed as 3; β-glucosidase activity of 214 strains was classed as 1; polygalacturonase activity of 252 strains was classed as 2; and 254 strains showed high alcohol production activity (Fig. 7) . We selected β-glucosidase, polygalacturonase and alcohol production, tyramine production, H 2 S production and autolysis traits, with <97% strains classified at any one level (Fig. 7) , to assess the differentiation of these wild strains. The results of MDS analysis based on these traits unambiguously showed that these wild strains clearly differed depending on their original habitats, namely, workshops and plants (Fig. 8) .
DISCUSSION
Our study revealed great genetic and phenotypic diversity of Saccharomyces cerevisiae strains associated with Msalais production. Furthermore, the strains could be distinguished based on their origins and fermentative technology used in the places of origin. This is not only in agreement with previous studies concerning the high phenotypic and genetic diversity with 'terroir' characteristics (Fay and Benavides 2005; Legras et al. 2007; Liti et al. 2009; Camarasa et al. 2011; Sicard and Legras 2011; Bokulich et al. 2014; Mukherjee et al. 2014; Knight and Goddard 2015) , but also directly verified strain differentiation in narrow niches, in the unique model of Msalais fermentation. Natural S. cerevisiae populations show great genetic diversity worldwide, depending on their habitats, including vineyards, fermented substrates (beer, bread, wine and others), artificial orchards or remote forests (Schacherer et al. 2009; Capece et al. 2012; Schuller et al. 2012) . Their variety is affected not just by abiotic environmental elements but also by other microorganisms, resulting in high Figure 7 . The distribution of enzyme activity in 436 wild S. cerevisiae strains assayed by selected agar medium method. diversity at population or community level. Few habitats can be found in nature, which are dominated by a population that is almost exclusively S. cerevisiae. Msalais wine making constitutes an ideal model for assaying the genotypes and phenotypes of yeasts that are mainly affected by abiotic environmental constraints, in the absence of non-Saccharomyces yeast, bacteria or other species. In our study, 436 S. cerevisiae strains assayed under Msalais fermentation conditions showed a surprising phenotypic and genotypic diversity, differentiating them according to plant size (workshops and MPs), or according to traditional or modernized technology. This could be ascribed to the differences in equipment used in different-scale Msalais processing and the accompanying natural conditions, including temperature, initial sugar content, dissolved oxygen and so on. In MPs, The spontaneous fermentation of Msalais occurs in stainless steel tanks with nearly 20-t capacity, the temperature is often high (up to 40
• C), unregulated, with the fermenting period taking up to 15 days. On the other hand, in TCWs, spontaneous fermentation occurs in amphorae with <500 kg capacity, the temperature is often between 11
• C and 30
• C, fluctuating according to the local temperature in the autumn (midSeptember to the end of November), and the process takes >45 days. In MPs, the fermenting tanks are filled with boiled grape juice, in three or four batches. The first batch in a tank spontaneously starts the fermentation when the second batch is pumped into the same tank; similarly, the third and the fourth batch are sequentially pumped into the fermenting juice in the same tank. The fed-batch method allows a successful initiation and completion of spontaneous fermentation in the tanks. The yeasts that survive and start the first batch of boiled grape juice fermentation are likely dominant during later fermentation. The descendants of these yeasts have successfully dwelled in the MPs, undergoing sequential domestication, year after year. However, in TCWs, batch fermentation takes place in one jar and not many opportunities exist for wild strains to become domesticated, unlike their corresponding strains in MPs. Thus, the genetic features of isolates from B and C are similar, based on interdelta analyses, while genetic diversity characterizes the isolates from TCWs. Other important factors affecting wild yeast diversity might be associated with the fact that the two MPs were <10 years old, whereas the six sampled TCWs were >20 years old. The genetic and phenotypic traits obviously differentiated the tested S. cerevisiae strains according to their niches (TCWs vs MPs), which only differ with respect to the technology or equipment, and were all located within 10 km of one another (Fig. S1 ). Whereas the diversity of the corresponding yeast populations from all over the world may have stemmed from the dissimilarity of niches, e.g. beer, bread, sake, wine and even orchard or forest, the diversity of S. cerevisiae strains associated with Msalais indicates that human activity affects the variation of S. cerevisiae population equally, if not more, than natural stresses. Groups of strains can sometimes be distinguished from an entire population on the basis of specific origin-dependent traits (Ç akar et al. 2012) . Strains accustomed to growing in the presence of high sugar concentrations, such as wine yeasts and strains obtained from fruits, are able to achieve fermentation under highsugar conditions, whereas natural yeasts isolated from 'poorsugar' environments, such as oak trees or plants, do not have this ability (Camarasa et al. 2011) . Our results provide new and supporting evidence for the spectrum and structure of phenotypic diversity of indigenous strains that inhabit smaller and simpler niches. Strains from different backgrounds (TBs or MF) could be distinguished by their tolerance to such stress as temperature (45
• C or 13 • C), alcohol (16% or 8%) and 45% sugar, and were even better distinguished, at the level of workshops or MPs, on the basis of their β-glucosidase and polygalacturonase activities, alcohol production, tyramine production, ferment vigor and autolysis traits. Meanwhile, almost all 436 indigenous strains showed the highest scored fermentative vigor, which explains why Msalais has always been naturally fermented with <100 CFU/mL S. cerevisiae in the initial boiled juice. It is obvious that these specific origin-dependent fermentative characteristics of S. cerevisiae strains assayed under Msalais fermentation conditions result from S. cerevisiae population strategy to diversify its metabolic traits when facing growth constraints imposed by both the environment and human activity. The development of Msalais fermentation process has progressed from craftsmen time to modern industry, and changes in the traditional technology have been made to meet the increasing demands of the market, without scientific instruction or reference. Modernized technology not only distinctly reduces the diversity of indigenous S. cerevisiae population on genotypic and phenotypic levels, as shown in this study, but it can homogenize the quality of Msalais with the final product differing from that of TCW products. Therefore, the characterization of natural S. cerevisiae strains from several typical Msalais breweries is an important step toward the preservation and exploitation of local yeast biodiversity, and an important contribution toward the understanding and selection of strains with specific phenotypes for scientific industrialization of the Msalais tradition.
